In general, surface mounted PM synchronous motors (SPMSMs) are mainly adopted as a driving motor for high-speed applications, because they have high efficiency and high power density. However, the SPMSMs have some weak points such as the increase of magnetic reluctance and additional losses as a consequence of using a non-magnetic sleeve. Especially, the magneto-motive force (MMF) in the air-gap of the SPMSMs is weakened due to the magnetically increased resistance. For that reason, a large amount of PM is consumed to meet the required MMF. Nevertheless, it cannot help using the sleeve in order to maintain the mechanical integrity of a rotor assembly in high-speed rotation. Thus, in this paper, a multi-layer interior PM synchronous motor (IPMSM) not using the sleeve is presented and designed as an alternative of a SPMSM. Both motors are evaluated by test results based on a variety of characteristics required for an air blower system of a fuel cell electric vehicle.
Introduction
In recent years, high-speed electrical machines have been mainly adopted for a compact driving system in various industrial applications. In high-speed drive systems, gearless directly coupled high-speed machines decrease the number of drive components, enhance the system reliability and prevent the cost, maintenance, and losses related to gears. Moreover, noise can also be reduced dramatically by eliminating an additional transmission system. Accordingly, such machines are especially fitted for automotive applications where space, energy savings, and system reliability are critical [1] [2] [3] .
Thanks to high efficiency and high power density, permanent magnet synchronous motors (PMSMs) among various motors such as an induction motor and a switched reluctance motor are becoming more and more favored to a high-speed machine [4, 5] . Especially, on account of relatively simple rotor structure, a surface-mounted PMSM (SPMSM) is principally employed for the high-speed machines. Nevertheless, the SPMSM has some weak points due to a non-magnetic sleeve exiting to maintain the mechanical integrity of the rotor assembly in high-speed rotation [6] . First, magnetic reluctance additionally increases by the thickness of the sleeve including air-gap. As a result, a large amount of permanent magnet (PM) is consumed in order to secure the magneto-motive force (MMF) required in the air-gap [7] . Next, manufacturing process such as shrink fit is added to assemble the sleeve on the PM. Finally, eddy current loss in the sleeve with electrical conductivity is generated by the slot or MMF harmonics [8] [9] [10] . Therefore, in this paper, a multi-layer interior permanent magnet synchronous motor (IPMSM) not using the sleeve is presented for high-speed applications.
The IPMSM does not essentially need the sleeve because PM is inserted inside the rotor core. In addition, if the amount of PM and rotor volume is identical, the IPMSM using a proper current vector control generally can obtain higher torque than the SPMSM because it can use not only magnetic torque but reluctance torque [11, 12] . However, the IPMSM also has some problems for highspeed operation. In order to meet both electromagnetic performance and mechanical strength, special rotor design is typically required compared with the SPMSM. In particular, at high rotational speed, it is highly difficult to design so-called bridges or ribs to withstand high stress concentration without losing the performance [13] [14] [15] [16] . Thus, in this paper, a 2-pole IPMSM with a multi-layer rotor structure is designed and tested for verifying its performance and feasibility as a high-speed drive. Especially, the IPMSM are experimentally analyzed by a comparison with the SPMSM applied for driving an air blower of a fuel cell electric vehicle (FCEV).
IPMSM Design for Air Blower
First, except the rotor configuration, all design conditions for the IPMSM such as stator and rotor dimensions, the number of turns per phase, and voltage and current limit are identical to those of the SPMSM. Second, the specifications and dimensions of the SPMSM are displayed in Table 1 . Finally, the IPMSM design is focused to ensure equal performances compared to the SPMSM and reduce total amount of PM.
Parametric Design
The rotor design of IPMSM is much more complicated than that of SPMSM because the parameters such as back-EMF and inductance change irregularly according to the arrangement of PM and flux barrier inside the rotor [17] [18] [19] . Therefore, in this paper, a parametric design [20] [21] [22] is carried out before the rotor shape design. The design is to determine the target range of motor parameters in order to meet both design limitations and required performances. The range obtained by regulating the value of flux linkage and d-axis inductance in (1), (2) , and (4) expressed as a voltage and torque equation of the IPMSM [23] becomes a main criterion for designing the initial rotor configuration. At this time, the core loss resistance [24] [25] [26] [27] of the IPMSM is replaced with that of the SPMSM, and the design constraints are given in (5) . Finally, the measured parameters of the SPMSM shown in Table 2 are based in order to search the target range. The reason is that the same stator and coil winding is applied to both motors. Table 1 varies according to the saliency ratio, the ratio between d-and q-axis inductance. That is, if the saliency is high, the level of required back-EMF is lower thanks to the increase of reluctance torque. If design conditions listed in Table 1 are unchanged, that means it is possible to satisfy the required torque with relatively small amount of PM. In the end, the target range presented in Table 3 is decided by the following conditions: • Input current and voltage are limited as given in Table 1 .
• Within attainable saliency ratio, the range of back-EMF is selected as low as possible.
• Inductance of the IPMSM compared to the SPMSM will be increased because the reluctance of magnetic circuit is decreased through eliminating the sleeve and reducing the thickness of PM.
Rotor Design and Fabrication
The rotor design of the IPMSM operated at high speed is a challenging task thanks to the conflict between electromagnetic performance and mechanical strength. For example, the rotor with thin ribs or bridges results in better performance due to less leakage flux, but it may not be strong enough to withstand the centrifugal forces with the rotor speed increase. Moreover, the output performance of the IPMSM is also greatly affected by the configuration and position of magnets and flux barriers in the rotor core and the number of magnet layers [19, 28] . Therefore, in this paper, an experimental design based on finite element analysis (FEA) is executed for the more effective rotor design [29, 30] . In particular, in [30] , the analysis results for optimizing the rotor shape were presented in detail. Figure 3 shows the safety factor of final rotor configuration is 1.4 at 40,000 rpm (electrical steel yield stress: 305 MPa). Even though the safety factor is somewhat low, the computed maximum stress does not exceed the fatigue limit based on the steel data supplied by a manufacturer.
The fabricated rotors of SPMSM and IPMSM are compared in Fig. 4 and Fig. 5 . The salient feature in the rotor of IPMSM is that the rotor has multi-layer magnets in order to achieve high saliency. The amount of PM used for the IPMSM is reduced approximately by 53 % compared with the SPMSM. Moreover, as shown in Fig. 6 and Fig. 7 , the parameters estimated by FEA meet the target range given in Table 3 . Especially, each phase back-EMF of the SPMSM and IPMSM is predicted as 76 Vrms and 56.8 Vrms at 40,000 rpm because the backEMFs measured at 1,000 rpm are 1.9 Vrms and 1.42 Vrms. In the end, the IPMSM with unmagnetized magnets is fabricated in order to measure its mechanical loss. Fig. 8 shows the mechanical loss measured up to 25,000 rpm due to the speed limitation of test apparatus. Although there is a difference between the both motors in terms of the mechanical loss, it is assumed that those of both motors are equal in this paper because their rotor size, airgap length, and bearing type influencing the loss are the same [4, 5] .
Air Blower System Test
In this section, the performances of SPMSM and IPMSM are compared in the circumstance similar to the air blower system of a FCEV. Especially, efficiency, pressure ratio, and transient response of the system are measured for the comparison. Figure 9 shows an air blower and its components identically applied to the SPMSM and IPMSM. It is not easy to carry out the load test of the motors at high speed. Therefore, in this paper, both motors are indirectly evaluated through the test of an air blower system as shown in Fig. 10 . Above all, the system and blower efficiency is calculated by (6) and (7) respectively. It is difficult to measure only efficiency of the motors due to the impeller efficiency. However, the performance difference of air blower system is mostly caused by the motors because all the test conditions are the same except the driving motor. (8) where C p_air is specific heat of air at 300 K; Q inlet_air is inlet flow; T inlet is inlet ambient temperature; PR is pressure ratio between inlet and outlet; k air is specific heat ratio of air.
Efficiency and Pressure Ratio
The efficiency measured at the system and blower is given in Fig. 11 . The result shows the system efficiency almost depends on the blower efficiency. In particular, the efficiency of motor driving the blower has a decisive effect on the result because the pressure ratio of the air blower driven by each motor is the same as displayed in Fig. 12(a) . That is, in (8) , there is no difference between their aerodynamic powers and it can be assumed that the shaft powers of both motors are almost identical. Thus, as System Eff. = Aerodynamic Power
(6)
Controller Input Power Blower Eff. = Aerodynamic Power
(7)
Controller Ouput Power shown in Fig. 11 , the obvious difference in the efficiency under 30,000 rpm is influenced by the losses generated in the motors. Figure 13 shows their no-load core losses predicted by FEA [31] . The core losses are basically affected by the time rate of the change of magnetic flux density at the motor cores. As a result, the core loss of the SPMSM using a large amount of PM to obtain high back-EMF cannot help but be great compared to that of the IPMSM at no-load condition. In order to explain the efficiency difference more clearly, Fig. 14 displays the total losses and output powers based on FEA. In the results, the mechanical loss given in Fig. 8 is applied to respectively and each core loss is also computed along with the torque. Lastly, their copper losses are estimated by Joule's First Law. As a result, the output of SPMSM is larger than that of IPMSM under 30,000 rpm but on the contrary the efficiency is lower. The reason is that except the losses dealt with in this paper additional eddy current losses generated in the sleeve and PM are much larger in the SPMSM [8] [9] [10] 32] . However, as the load of blower increases in company with its speed, the efficiency of IPMSM is similar to that of SPMSM because in the IPMSM the influence of copper loss is dominant due to the rapid growth of input current to satisfy the required torque with its low back-EMF. Accordingly, Fig. 15 shows the temperature measured in the outlet of the air blower driven by the IPMSM is slightly higher than that of the SPMSM.
Transient Response
The response capability of the air blower driven through both motors is evaluated in transient state. The performance has a critical effect on the acceleration of a FCEV. Therefore, the air blower should be reached within a short time up to top speed. However, as shown in Fig.  16 , the arrival time up to 40,000 rpm of the air blower driven by the IPMSM is later approximately 0.2 seconds than the SPMSM. The reason is that the voltage measured in the IPMSM is higher than that of SPMSM since 36,000 rpm as shown in Fig. 17 and the controller is optimized only for the SPMSM. Accordingly, the various gains and ramp inputs of the controller is applied for the IPMSM, which is carried out on the basis of control methods proposed in [33, 34] . The final simulation result is given in Fig. 18 . 
Conclusion
In this paper, the feasibility of an IPMSM with a multilayer rotor configuration is practically demonstrated as a high-speed driving motor for an air blower. Especially, if design conditions such as stator and rotor dimensions, stator winding, and voltage and current limit are equal, the IPMSM compared to a SPMSM not only can reduce the total amount of PM but obtain better performances for the air blower. Nevertheless, it is obviously difficult to design the rotor of the IPMSM. Thus, a parametric design proposed in this paper is very helpful in designing the complicated rotor shape of the IPMSM.
